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Juxtaposition of the endoplasmic reticulum with mitochondria facilitates Ca2+
fluxes between the organelles. However, the molecular basis of interorganellar
tethering remains unknown. A recent report has identified a fundamental role
for the dynamin-related mitofusins in the tethering mechanism, thereby
ensuring rapid and high fidelity Ca2+ signalling between the organelles.the organelle’s membrane [1]. Ca2+ is
taken up by mitochondria through
a Ca2+-selective uniporter channel in
the inner mitochondrial membrane [4]
and this mitochondrial Ca2+ then
stimulates three rate-limiting enzymes
in the Krebs cycle, resulting in
accelerated ATP production [5].
Mitochondrially derived ATP can
feed back to influence ER Ca2+
dynamics by modulating the Ca2+
release properties of InsP3 receptors
themselves. In addition, ATP is needed
for the ER Ca2+–ATPase to pump
Ca2+ back into the store in order to
replete the ER with Ca2+ [6]. The
mitochondrial uniporter has low
affinity for cytoplasmic Ca2+, with
a KM of around 10–20 mM [7–9].
Pioneering experiments by Rizzuto
and Pozzan using a form of the
bioluminescent Ca2+ sensor aequorin
that was targeted to the mitochondrial
matrix revealed that Ca2+ released
by InsP3 was rapidly taken up by
mitochondria, even though bulk
cytoplasmic Ca2+ increased only
slightly [4,8]. They developed the
important concept of Ca2+
microdomains arising from open
InsP3 receptors that were located
close to the uniporter channels [4,8].
Ca2+ released from InsP3 receptors
on the ER therefore had a privileged
access to the mitochondrial matrix.
Indeed, several independent
morphological studies have revealed
an intimate physical interaction
between mitochondria and ER, withsuch ‘private conversations’ within
a cell be achieved? Fresh insight into
these fundamental questions has been
provided in a landmark study by de
Brito and Scorrano published recently
in Nature [3]. These authors have
found that the dynamin-related
protein mitofusin 2 tethers the
endoplasmic reticulum (ER) to
mitochondria. Juxtaposition of the
two organelles provides a privileged
pathway for shuttling Ca2+ between
them in a manner that obviates a more
general, and hence less specific, bulk
cytoplasmic Ca2+ rise. Moreover, their
results provide new molecular insight
into Charcot-Marie-Tooth IIa
syndrome, an inherited motor
neuropathy in which mitofusin 2
is mutated.
Crosstalk between the endoplasmic
reticulum and mitochondria is
a poignant example of local Ca2+
signalling [4]. The release of Ca2+ from
the ER can be induced by the second
messenger inositol 1,4,5-trisphosphate
(InsP3), which opens high conductance
Ca2+-permeable ion channels that spanAnant Parekh
Eukaryotic cells respond to changes
in their environment by generating
intracellular signals. One universal and
highly versatile signal is Ca2+ [1]. A rise
in cytoplasmic Ca2+ is essential for life
because it drives both sperm motility
and subsequent fertilization of the egg.
As the animal develops, Ca2+ can
activate myriad responses, including
neurotransmitter release, contraction,
energy production, and cell growth and
proliferation [1]. There is a Janus-faced
element to Ca2+, however; although
Ca2+ supports life, it can also trigger
cell death through either necrosis or the
more subtly orchestrated programme
of apoptosis [2].
Inherent to the use of a promiscuous
messenger like Ca2+ is the old
chestnut of selectivity: how can a cell
respond to the Ca2+ signal by
generating a specific Ca2+-dependent
response? Furthermore, many cellular
responses are multifaceted, requiring
co-ordination between some
organelles but not others. How can
Dispatch
R201the organelles being located within
20 nm of each other [4] and coupled
physically through protein
bridges [10].
Mitochondria are attached to
ER at specialised sites called
mitochondrion-associated
membranes (MAMs) [11], which are
contiguous with the ER membrane
and are rich in phospholipids and
glycosphingolipid-synthesizing
enzymes, such as fatty acid-CoA ligase
4 and phosphatidylserine synthase-1.
Importantly, MAMs also contain
proteins that help link the ER with
mitochondria, including the non-opioid
ER protein sigma-1 receptor [12], the
multi-functional sorting protein
PACS-2 [13], and the mitochondrial
chaperone grp75, which is thought to
link the voltage-dependent anion
channel of mitochondria to the InsP3
receptor [14].
De Brito and Scorrano [3] have now
found that mitofusin 2 is essential for
supporting ER–mitochondrial tethering
through transorganellar homotypic
and heterotypic interactions. Although
mitofusin 2 is expressed in the ER
and mitochondria, it is particularly
abundant in MAMs. In fibroblasts
lacking mitofusin 2, the distance
between ER and mitochondria
increased and both organelles now
had altered shapes. Whereas the ER
was interconnected and manifest as
a reticular pattern in either wild-type
or mitofusin 1-deficient cells, the
organelle was swollen and aggregated
with reduced luminal continuity in cells
lacking mitofusin 2. Mitofusin 2 is
therefore needed to maintain an
interconnected and tubular ER.
Mitochondria were also fragmented in
mitofusin-2-deficient cells, reflecting
the involvement of mitofusin 2 in
stabilizing interactions between
mitochondria.
A clever set of knock-in experiments
enabled De Brito and Scorrano [3] to
demonstrate that both ER and
mitochondrial mitofusins were needed
to re-establish tethering between the
organelles (Figure 1). In mitofusin-2-
deficient cells, transfection with
a mutant mitofusin 2 construct
(MFN2ActA) that is restricted to the
surface of mitochondria rescued the
mitochondrial morphology typical
of wild-type cells but failed to
recapitulate either ER morphology or
the ER–mitochondria tethering. On
the other hand, transfection with
a mitofusin 2 construct that generatedCa2+Ca2+
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Figure 1. Mitofusins tether ER to mitochondria.
Homotypic and heterotypic interactions between mitofusin 2 on the ER and mitofusins 1 and 2
on mitochondria enable Ca2+ microdomains around open InsP3 receptors (IP3R) to propagate
rapidly into the mitochondrial matrix, where Ca2+ can activate Krebs cycle enzymes, leading to
increased ATP production. The inset shows ER mitofusin 2 interacting with either mitofusin 1
or 2 on mitochondria. It is not known whether the coupling is direct or mediated by an inter-
mediary (depicted by the pale orange box).ER Ca2+ release to mitochondrial Ca2+
uptake. Their experiments were
complicated by the finding that the
Ca2+ content of the ER increased
significantly in mitofusin-2-deficient
cells, resulting in more extensive Ca2+
release by a fixed concentration of
agonist. However, careful matching
of the cytosolic Ca2+ increase in
response to different agonist
concentrations showed unequivocally
that mitochondrial Ca2+ uptake was
slowed by the loss of ER–mitochondria
tethering. This is a key result for two
reasons. First, it demonstrates that
the juxtaposition of uniporter channels
on mitochondria with InsP3-gated
channels spanning the ER is essential
for rapid mitochondrial Ca2+ uptakea protein restricted to the surface of
the ER (MFN2IYFFT) rescued ER
morphology and ER–mitochondria
tethering. However, in cells lacking
both mitofusin 1 and 2, MFN2IYFFT
failed to rescue ER–mitochondria
tethering despite restoring ER
morphology. Co-expression of
either mitofusin 1 or MFN2ActA with
MFN2IYFFT fully restored the tethering.
Hence, mitofusin 2 on the ER can
form heterotypic and homotypic
interactions with mitofusin 1 or 2 on
mitochondria.
Because the absence of mitofusin 2
increased the distance between the ER
and mitochondria, De Brito and
Scorrano [3] went on to test directly the
Ca2+ microdomain theory for coupling
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confirming the Ca2+ microdomain
theory. Second, the results provide
a molecular mechanism whereby
local Ca2+ signals can be propagated
discretely between two distinct
intracellular organelles, engendering
a ‘private conversation’ between
the two.
ER–mitochondria coupling is
a double-edged sword, however, as
too strong an interaction can render
cells prone to death through
mitochondrial Ca2+ overload followed
by apoptosis [10]. Mitochondrial Ca2+
overload can open the high
conductance permeability transition
pore in the inner membrane, resulting in
depolarisation, loss of oxidative
phosphorylation, matrix swelling
and outer membrane rupture. This
rupture releases cytochrome c
and other pro-apoptotic proteins
from the intermembrane space into
the cytosol, thereby triggering cell
death [2]. ER–mitochondria tethering
therefore needs to be rigorously
regulated. It is not yet known how
this is achieved, but strengthening
pre-existing linkages could constitute
a potent and selective means for
initiating Ca2+-dependent cell death
pathways.
The findings of de Brito and
Scorrano [3] raise further questions.
Mitochondria are not static
organelles but are able to move rapidly
through the cytoplasm [15]. If all
mitochondria have the potential to
migrate, tethering to the ER must be
reversible — therefore what is the
signal for the tether to break? Chen
and colleagues [16] have found that
mitofusins 1 and 2 promote
mitochondrial fusion. Could mitofusin
2 have a dual role: tethering ER to
mitochondria and enabling other
mitochondria to fuse with the tethered
ones? In this way, mitofusin 2 could
orchestrate the propagation of a Ca2+
wave through the mitochondrial
network with a tethered mitochondrion
acting as a point source of Ca2+
following Ca2+ release from the
adjacent ER. Is mitofusin necessary
and sufficient for tethering ER to
mitochondria? Roles for PACS-2,
sigma-1 receptor, grp75 and the
voltage-dependent anion channel
have all been proposed. Since
impairing expression of each of these
proteins causes the ER to pull away
from mitochondria, it is difficult to see
how they can all act independently.Perhaps a macromolecular
scaffolding complex forms at
MAMs to which all these proteins
contribute with loss of one protein
causing the entire complex to
disassemble.
Do mitofusins on the mitochondria
interact directly with mitofusins on the
ER? Although de Brito and Scorrano [3]
show that mitofusins on the two
organelles can co-immunoprecipitate,
this interaction could be mediated
through an intermediate protein. It
would be interesting to see whether
fluorescence resonance energy
transfer occurs between CFP-tagged
MFN2IYFFT and YFP-tagged MFN2ActA
in cells deficient in mitofusin 1 and 2.
However, bringing ER and
mitochondria together is not sufficient
to ensure local Ca2+ signalling:
InsP3 receptors need to be located
close to the mitochondrial uniporter
channels. How are these channels
targeted to the tether sites? More
generally, are mitofusins restricted
to tethering ER with mitochondria
or could they be involved in
co-localising other organelles as
well? The ER can be located very
close to the plasma membrane,
enabling the ER-resident protein
STIM1 to activate store-operated
Ca2+ channels in the plasma
membrane [17]. Local Ca2+ influx
through store-operated channels
can activate several downstream
targets much more effectively than
a global Ca2+ rise [18,19]. A striking
example is in the pancreatic acinar
cells, where store-operated Ca2+
entry refills the ER with Ca2+
without a detectable cytoplasmic
Ca2+ rise [20]. Could mitofusins
play a role in ER–plasma membrane
compartmentalization or help to
link plasma membrane ion channels
to specific target molecules?
Finally, mitofusin 2 is mutated
in patients with the inherited
neurodegenerative disease
Charcot-Marie-Tooth IIa and this
mutation impairs tethering of
mitochondria to ER [3]. How can
impaired tethering lead to nerve
degeneration? Presumably, this
involves altered cytoplasmic buffering
of Ca2+ released from the ER. It is
nevertheless intriguing that either too
much or too little ER–mitochondria
tethering has the potential of
leading to cell death through
apoptosis or degeneration,
respectively. No doubt we can lookforward to further twists and
surprises involving mitochondria,
Ca2+ signals and cell function in
health and disease.
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That the aboriginal populations of
America emigrated from Asia via land
was suggested as early as 1590 by the
Jesuit Friar Jose´ de Acosta [1]. Later,
French naturalist Georges-Louis
Leclerc de Buffon [2] attributed the
morphological similarities between
Native Americans and East Asians to
shared ancestry. With the
demonstration that a land bridge
existed between northeast Asia and
northwest North America during the
last glacial maximum (w50kya–15kya)
[3], and the apparent widespread
distribution of archaeological sites of
the Clovis culture in North America
shortly after the last glacial maximum,
both the geographical locus and
approximate timing of the colonizing
migration seemed confirmed [4,5].
Nevertheless, many questions
remained. How many migration events
and migrants constituted the
colonization of the Americas? What
was the precise timing of colonization,
and via which route(s) did the colonists
arrive? Both archaeological and
genetic approaches to population
history have been used to address the
origins of American populations.
Genetic investigations have long noted
the similarity of American populations
to those of south-central Siberia and
Mongolia, suggesting this interior Asian
geographical region as a likely source
for American colonizing populations [4].
In a recent paper in Current Biology,
Perego and colleagues [6] analyzed the
geographical distribution of sequence
variation in two rare mitochondrial DNAmessenger and an intercellular
pro-inflammatory signal. J. Biol. Chem. 283,
4622–4631.
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Petersen, O.H. (1997). Ca2+ flow via tunnels in
polarized cells: recharging of apical Ca2+
stores by focal Ca2+ entry through basal
membrane patch. Cell 88, 49–55.The Two Roads
ast the end of the last ice age, but the
n of the source population are unclear.
l haplogroups suggests two separate
icating simultaneous but independent
rican colonists.
(mtDNA) lineages in American and
Asian populations to gain additional
insight into American colonization.
The strongest evidence for the Asian
origin of Native American populations
is genetic [7–12]. Early work
demonstrated that populations of the
Americas are characterized by only
four mtDNA haplogroups [13]. As more
populations were examined, and
sequence diversity within the
haplogroups was characterized, it
became clear that mtDNA diversity in
the Americas actually encompassed
the four major haplogroups (A2, B2, C1,
D1) as well as several minor ones,
including D4h3 and X2a.
Perugo et al. [6] analyzed 69 whole
mtDNA genomes for these two minor
haplogroups — 55 new sequences and
14 derived from published reports.
They found that these two
mitochondrial lineages show a peculiar
geographical distribution: X2a is only
common among native populations
in northern North America, especially
around the Great Lakes region.
Observed also at low frequency in
some northern plains groups and in
the Pacific Northwest, it is essentially
absent from other regions of the
Americas. Haplogroup D, in contrast,
is ubiquitous in the Americas south of
the arctic, while its sublineage D4h3
appears geographically limited to
populations inhabiting the Pacific coast
of both American continents. This
sublineage is known from skeletal
remains in south coastal Alaska [14]
and throughout indigenous coastal
populations as far south as Chile.
Indeed, it is most frequent and variableDepartment of Physiology, Anatomy and
Genetics, Oxford University, Parks Road,
Oxford, UK.
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DOI: 10.1016/j.cub.2009.01.012among populations of western South
America. Hence, one of these rare
mtDNA haplogroups is geographically
restricted to northern North America,
while the other is most common along
Pacific coastal South America. Under
any model assuming a single origin
of Americans such a geographical
distribution is unexpected, suggesting
the haplogroups are derived from
two separate founding populations
(Figure 1).
Of the 46 D4h3 genomes analyzed,
only one came from outside the
Americas, represented by a single
Chinese sample. Thus, most of the
sequence variation that characterizes
the sublineages in this haplogroup
appears to have arisen in America, or to
have been lost through drift in the Asian
source populations. Haplogroup X2a
has no close relatives outside the
Americas [15], suggesting that this
haplogroup arose after, or during, the
original migration to America [6].
Dating the entry of mtDNA clades to
the Americas has always been
problematic. Archaeological dates
initially suggested a rapid colonization
of Clovis people after the last glacial
maximum, approximately 11,000 years
ago. However, recent archaeological
investigations clearly indicate the
presence of people in both North and
South America substantially earlier.
Coalescent models to estimate dates
of origin from molecular genetic data
may use different assumptions of
mutation rate, calibration techniques,
and estimation procedures.
Differences in the assumptions made
regarding mutation rate, for example,
may result in over- or under-estimation
of coalescent dates [16]. Accordingly,
estimates of the genetic origin of
American populations have ranged
from 15,000 to over 30,000 years
[5,8–12]. The estimated divergence
values for D4h3 (w0.00022
substitutions/site) and X2a (w0.00021
substitutions/site) in the data of
Perego et al. [6] are nearly identical,
indicating essentially simultaneous
